word count: 194 22 Text word count: 5168 23 24 25 2 26 Abstract 27 The positive stranded RNA genomes of picornaviruses comprise a single large open reading 28 frame flanked by 5′ and 3′ untranslated regions (UTRs). Foot-and-mouth disease virus (FMDV) 29 has an unusually large 5′ UTR (1.3 kb) containing five structural domains. These include the 30 internal ribosome entry site (IRES), which facilitates initiation of translation, and the cis-acting 31 replication element (cre). Less well characterised structures are a 5′ terminal 360 nucleotide 32 stem-loop, a variable length poly-C-tract of approximately 100-200 nucleotides and a series of 33 two to four tandemly repeated pseudoknots (PKs). We investigated the structures of the PKs 34 by selective 2′ hydroxyl acetylation analysed by primer extension (SHAPE) analysis and 35
Mutations to disrupt and reform PK structure were introduced using synthetic DNA by 134 digestion with AflII and AatII and ligation into a similarly digested pBluescript PK vector. 135 Mutations were then introduced into the replicon plasmid as described above. 136 To assess the effects of truncation of the poly-C-tract on replication the entire sequence was 137 removed. This was performed by PCR mutagenesis using primers C0 SpeI, and FMDV 1331- In vitro transcription. 143 In vitro transcription reactions for replicon assays were performed as described previously (28) . 144 Transcription reactions to produce large amounts of RNA for SHAPE analysis were performed 145 with purified linear DNA as described above, and 1 μg of linearised DNA was then used in a 146 HiScribe T7 synthesis kit (NEB), before DNase treatment and purification using a PureLink 147 RNA mini kit (Thermo Fisher). 148 149 SHAPE analysis. 150 RNA was prepared as above and a sample (12 pmol) was heated to 95 o C for 2 minutes before 151 cooling on ice. RNA folding buffer (100 mM HEPES, 66 mM MgCl2 and 100 mM NaCl) and 152 RNase Out (Invitrogen) was added to the RNA and incubated at 37 o C for 30 minutes. Once 153 folded, RNA was treated with NMIA compound at a final concentration of 5 mM or DMSO as 154 a negative control for 50 minutes at 37 o C. Following incubation, labelled RNA was ethanol 155 precipitated and resuspended in 10 μl 0.5 x TE buffer. Primer extension of NMIA labelled RNA was performed by incubation of 5 μl of labelled RNA 158 with 6 μl of RNase free water and 1 μl of 10 μM Hex of FAM fluorescent primer. Primer 159 binding was facilitated by heating the reaction to 85 o C for 1 minute, 60 o C for 10 minutes and 160 35 o C for 10 minutes in a thermocycler. A reverse transcription master mix containing 4 μl first 161 strand buffer, 1 μl 100 mM DTT, 0.5 μl RNase Out, 1 μl Supsercript III (Invitrogen), 1 μl 10 162 mM PCR dNTP mix (Promega) and 0.5 μl RNase free water, was then added to the 163 RNA/primer complex and extension carried out by incubation at 52 o C for 30 minutes. Capillary electrophoresis was analysed using QuShape and reactivity overlaid onto the RNA 174 structure using VARNA (29, 30) . Replication assays. 177 Replicon replication in all cell lines was assessed in 24-well plates with 0.5 µg/cm 2 of RNA 178 using Lipofectin transfection reagent (Life Technologies) as previously described (28). For 179 complementation assays, BHK-21 cells seeded into 24-well plates were allowed to adhere for 180 16 hours before transfection with 1 µg of replicon RNA using Lipofectin. Each transfection 181 was performed in duplicate and experiments were biologically repeated. Replicon replication Results 276 277 SHAPE analysis of PK structure. 278 The presence of PKs was initially predicted in 1987 by computational and visual analysis of 279 the 5′ UTR sequence (12). The prediction of the presence of multiple PKs was strengthened by 280 the observation that variation in the length of this region between different virus isolates 281 equated to the gain or loss of PK-length sequence units. However, the definitive demonstration 282 of PK structure remains a challenge. Here, we used selective 2′ hydroxyl acylation analysed by 283 primer extension (SHAPE) to investigate the secondary structure of the PK region. terminates at adducts, resulting in cDNA fragments of different lengths, which were analysed 290 by gel electrophoresis alongside a sequencing ladder to identify sites of NMIA interaction. The 291 whole PK region was surprisingly reactive suggesting that it was largely single stranded or 292 highly flexible (figure 2A). To investigate if the SHAPE data agreed with the predicted 293 structure, the NMIA reactivity was overlaid onto the previous PK structure prediction (12) .
295
The SHAPE data largely agreed with the predicted structures with the stems of PK 1, 2 and 3, 296 being unreactive, suggestive of base-pairing. Formation of the stem of PK4 was less convincing, 297 although the stem nucleotides still had relatively low reactivity in agreement with the other PK 298 models. For all the PKs, the nucleotides in the loop regions and the predicted downstream 299 interacting nucleotides showed little to no reactivity, suggesting NMIA could not interact with 300 14 these nucleotides either due to the predicted base pairing or steric hindrance ( figure 2B ). The
301
NMIA reactivity for the interacting nucleotides in the stem-loops with downstream residues of 302 PK 1, 2 and 3 again largely agreed with the predicted structure, although the SHAPE data 303 suggests that there might be fewer interactions than previously predicted. However, differences 304 here could be due to heterogeneity in the formation of PKs in this experiment. The evidence 305 for loop-downstream interaction was weaker for PK4. A single PK is sufficient for efficient replication. 312 The replicon system was based on the O1K FMDV sequence which includes four similar but 313 non-identical PKs (figure 1). The PKs were sequentially deleted from the 3′ side (i.e. PK 4-PK 314 1), and replication of the resulting modified replicons assessed.
316
To allow complete removal of all PKs, an AflII site was inserted into the ptGFP replicon 317 plasmid which resulted in reduction of the poly-C-tract to 11 cytosine residues. This C11 318 replicon was investigated alongside a wt replicon and one with lethal polymerase mutations 319 (3D-GNN). These controls were used to confirm that truncation of the poly-C tract had no 320 measurable effect on replication the two cell lines tested, as previously reported (37) (figure 321 3A). For completeness, we further removed the entire poly-C-tract (C0) and showed that this In the experiments above PK1 was the sole remaining PK and we therefore investigated 343 whether other PKs could similarly support wt replication. We deleted all the PKs to create the 344 C11 construct and re-inserted PK4 as the only PK (C11 PK4). Near wt levels of replication 345 were observed following transfection into both cell types suggesting that there is no functional 346 difference between PK1 and PK4 ( figure 3E ). In addition, the orientation of PK 1 was reversed by "flipping" the nucleotide sequence to 367 potentially facilitate hybridisation of the loop with upstream rather than downstream sequences.
368
Changing the orientation of the PK reduced replicon replication to a similar level seen in the 369 absence of PKs ( figure 4B ). This suggests that the role of the PKs in genome replication is 370 dependent on both sequence, structure and orientation. Co-transfection of the wt, ∆PK 34 or ∆PK 234 with yeast tRNA as controls showed no 390 differences in replication as expected ( Figure 5A ). Likewise, when PK mutants were co-391 transfected with a wt replicon after three passages, the number of green fluorescent cells 392 produced by the ∆PK 34 replicon was comparable to that of the wt, suggesting no competitive 393 advantage of four PKs over two. For both, there was a reduction in replication after the first 394 passage but recovery to near that of the original transfection by the third passage. However, 395 when co-transfected with the wt replicon, the ∆PK 234 replicon showed a similar drop in 396 replication in passage two, but showed no subsequent recovery following each passage and 397 replication decreased until at passage three there is a 2.5 fold reduction compared to that of 398 passage 0 ( figure 5B) . Therefore, it appears that replicons with a single PK are at a competitive 399 disadvantage compared to those with two or more.
401
Co-transfection with the wt mCherry replicon reduced the replication of the C11 ∆PK 1234 402 replicon to background levels as seen when comparing to the yeast tRNA control. By passage 403 two the ptGFP signal of the C11 ∆PK 1234 was no longer detectable, suggesting that this 404 replicon has been out competed ( figure 5C ). Although the initial replication of C11 ∆PK 1234 405 was greater when co-transfected with yeast tRNA than when in competition with wt mCherry 406 replicon, the ptGFP signal was reduced at passage two and was at background level by passage 407 three ( figure 5C ). Replication of the mCherry wt replicon was not influenced by co-transfection 408 with the ptGFP constructs ( figure 5D ), as expected. Together these data suggest that the minor Wt, C11, ∆PK 34 and ∆PK 234 constructs all resulted in the production of infectious virus as 424 was expected from the replicon experiments, with no alteration to input sequence. However, 425 the C11 ∆PK 1234, which replicated (albeit to a lesser degree) as a replicon, produced no 426 recoverable infectious virus (Table 1) . Interestingly, there were differences noted in both the 7) . The results were similar to 445 those of the replicon experiments and showed that all the modified virus genomes were able to 446 undergo robust replication. The inability of the C11 ∆PK 1234 genome to support production 447 20 of infectious virus despite being able to replicate after transfection into cells, is consistent with 448 a requirement for RNA structure within the PK region being required for virus assembly. The 5′ UTR of FMDV is unique amongst picornaviruses due to its large size and the presence 454 of multiple RNA elements, some of which still have unknown function. One of these features 455 is a series of repeated PKs varying in number from 2-4, depending on virus strain. In this study, 456 we sequentially deleted or mutated the PKs to help understand their role in the viral life cycle. 457 We also confirmed the predicted PK structures by SHAPE mapping, although there may be 458 fewer strong interactions maintaining the PKs than was previously predicted. This may indicate 459 high conformational flexibility of this region of the genome. SHAPE mapping was also 460 supported by mutation of predicted key interactions between nucleotides in the loop and 461 downstream, disruption of which reduced replication to that of the C11 ∆PK 1234 replicon.
463
Although all viruses isolated to date contain at least two PKs, replicons or viruses containing a 464 single PK were still replication competent. However, replicons with more than a single PK 465 were found to have a competitive advantage over replicons with a single PK when sequentially 466 passaged. Replicons lacking all PKs displayed poor passaging potential even when co-467 transfected with yeast tRNA, reinforcing the observation of a significant impact in replication.
468
Moreover, viruses recovered from genomes with reduced numbers of PKs were slower growing 469 and produced smaller plaques. In addition, these differences were more pronounced in more 470 relevant cells lines (i.e. in MDBK cells compared to BHK 21 cells). It is likely that each of the 471 PKs is functionally competent as no differences was seen between replicons congaing a single 472 21 copy of PK1 or PK4. This observation is consistent with a previous report of deletion of PK1, 473 along with the Poly-C-tract, with no adverse effect in viral replication (37). This also supports 474 our findings that the truncation of the Poly-C-tract to create the C11 construct had no effect on 475 replicon replication in the cell lines tested. As has been described with Mengo virus, it is 476 possible that the role of the poly-C-tract is essential in other aspects of the viral lifecycle which 477 cannot be recapitulated in a standard tissue culture system (39).
479
The presence of at least two PKs in all viral isolates sequenced so far suggests that multiple 480 PKs confer a competitive advantage in replication. Here we showed by sequential passage that 481 replicons containing at least two PKs were maintained at a level similar to wt, but replicons 482 containing only one PK showed a persistent decline. It is unclear why some viral isolates 483 contain two, three or four PKs is still unknown, but this may be stochastic variation or may 484 reflect subtle effects of host range or geographical localisation. 
